study question: Is unilateral oophorectomy associated with age at menopause? summary answer: Women who had undergone unilateral oophorectomy entered menopause 1 year earlier than women with two
Introduction
Substantial variation in the mean age of natural menopause has been reported across countries, from 44.6 years in Punjab province in India to 52.0 years in France (Thomas et al., 2001) . Women who enter menopause before the age of 40 years have increased mortality and increased risk of cardiovascular disease, dementia and osteoporosis (Jacobsen et al., 2003; Maclaran et al., 2010; Li et al., 2013) . Several factors seem to influence the age at natural menopause, and high parity and Japanese ethnicity have been associated with higher age at menopause (Gold et al., 2001; Harlow and Signorello, 2000; Gold, 2011) . Conversely, short ovulatory cycles, smoking, being single, low educational level and unemployment have been associated with lower age at menopause. Whether or not body mass index (BMI) and use of hormonal contraception influence age at menopause remains uncertain (Gold, 2011) .
Unilateral oophorectomy has been linked to early onset of menopause since half of the ovarian reserve is removed by surgery (Cramer et al., 1995; Yasui et al., 2012) . In a case -control study of 688 women, a 4-fold increased risk of menopause before the age of 46 years was estimated in women who had undergone unilateral oophorectomy when compared with women with two ovaries intact [crude odds ratio 4.3; 95% confidence interval (CI): 0.9-20.4] (Cramer et al., 1995) . Because of the small sample in this study, the estimated association did not reach statistical significance. More recently, a study of 24 152 female Japanese nurses born before 1970 also found that unilateral oophorectomy was associated with earlier menopause (Yasui et al., 2012) . In that study, the median age at menopause was 52.1 years in women with two ovaries intact and it was 50.9 years in women who had undergone unilateral oophorectomy. It has been suggested that one ovary intact may compensate for the loss of the other (Coccia et al., 2011) .
Unilateral oophorectomy may not always be necessary, and the reasons for performing unilateral oophorectomy may vary across countries and across generations of women (Novetsky et al., 2011) . Since early menopause is associated with increased mortality and morbidity, it is important to have reliable knowledge on whether or not unilateral oophorectomy influences the age at menopause. In a population study of 23 580 women in Norway we compared the mean and the median age at menopause in women with and without unilateral oophorectomy. We also estimated crude and adjusted relative risks of menopause according to unilateral oophorectomy status. Adjustments were made for birth cohort, parity, smoking, BMI and age at menarche.
Materials and Methods

Study design, recruitment and participants
During 1995 -1997 all individuals at the age of 20 years or older in the NordTrøndelag County, Norway, were invited to participate in the HUNT2 Survey, which is a part of the Nord-Trøndelag Health Study (HUNT Study). The HUNT2 Survey and the HUNT Study are described in detail elsewhere (www.ntnu.no/hunt) (Krokstad et al., 2013) . In the present study, we aimed to include all women younger than 70 years. Data were collected by two self-administered questionnaires. The first questionnaire included questions about general health and life style. This questionnaire was distributed by mail and returned at the HUNT2 Survey health examination a couple of weeks later. The second questionnaire was handed out at the HUNT-2 Survey health examination and returned by mail. This second questionnaire included questions about sociodemographic factors, general health and reproductive history.
Of all eligible women at 20 years old or older, 73.5% answered the first questionnaire, and among these women, 87.0% returned the second questionnaire. A total of 28 418 women between 20 and 69 years old who had answered both questionnaires could be included in our study. We excluded 4749 women without information on whether or not they still were having menstrual periods and 89 women without information about BMI, leaving 23 580 women to our study sample.
Study factors
Age at menopause was reported on the basis of the following two questions in the second questionnaire: 'Do you still menstruate?' (yes/no) and 'If you no longer menstruate, how old were you at your last menstrual period?' We studied the time from birth of the woman until her age at menopause. Unilateral oophorectomy was reported by the following question: 'Have you had part of, or only one ovary removed?' (yes/no). The second questionnaire also comprised information about bilateral oophorectomy and hysterectomy, as well as age at bilateral oophorectomy and/or hysterectomy. Information about age at unilateral oophorectomy was not available.
Year of birth was categorized into the following birth cohorts: 1925-1930, 1931 -1935, 1936 -1940, 1941-1945 or 1945 -1977 . Number of deliveries was coded as nullipara or ≥para 1. Ever having smoked tobacco before menopause was based on the following questions: 'Have you ever smoked cigarettes, cigars or pipe daily?' (yes/no), 'How old were you when you started to smoke?' and 'If you have stopped smoking, at what age did you stop?' Ever having smoked before menopause was coded as yes or no. Women who reported that they had started to smoke after their last menstrual period were defined as never having smoked. BMI at the time of the HUNT2 Survey health examination was calculated as weight/height 2 (kilograms per square meter) and coded: ,25, 25 -29 or ≥30. Age at menarche was coded: ,12, 12 -13 ≥14 years old or missing. The use of hormone replacement therapy was based on the question: 'Have you ever used tablets or patches containing estrogen?' The answers were coded as never user or former/current user.
Statistical methods
Differences in the distributions (percent) of study factors between women with or without unilateral oophorectomy were tested by applying the x 2 test and differences in means were tested by applying the Student's t-test. We used Kaplan -Meier analysis to estimate the probability of still having menstrual cycles at any age in women with and without unilateral oophorectomy. As follow-up time, we used the time from birth of the woman until her age at menopause. Women who were still having menstrual cycles at the time of participation in the HUNT2 Survey were censored at the attained age at this time. Likewise, women who had undergone bilateral oophorectomy and/or hysterectomy before menopause were censored at the age of surgery. Difference in the probability of still having menstrual cycles between women with and without unilateral oophorectomy was tested by applying the log-rank test. We used Cox proportional hazard models to estimate crude and adjusted relative risks of menopause according to unilateral oophorectomy status. Adjustments were made for birth cohort, parity, smoking, BMI and age at menarche. We made separate analyses in women born ≤1935 and .1935. The proportional hazard assumption was tested using Schoenfeldt residuals. We tested for trends in the association of a study factor with age at menopause by using linear regression models, and the relative risk estimate for each category of the study factor was weighted by the numbers of women in the category and used as a continuous independent variable. We used the statistical software package IBM SPSS version 20.0 for the statistical analyses (IBM Corp, Armonk, NY, USA).
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Results
In our study sample, the mean age at participation in the HUNT2 Survey was 44.3 years [standard deviation (SD) 13.3 years], (Table I ) and 30.4% (7158/23 580) of the women no longer menstruated. In total, 4.5% (1055/23 580) of the women had undergone unilateral oophorectomy (Table I) , of these 14.7% (155/1055) had also undergone hysterectomy. Among the 2.2% (513/23 580) who had undergone bilateral oophorectomy, 74.5% (382/513) had undergone hysterectomy. Of all women, 5.9% (1383/23 580) had undergone hysterectomy. Women who had undergone unilateral oophorectomy were older than those who had not (mean 47.8 years versus mean 44.1 years, P , 0.001) (Table II) . Also their mean follow-up time from birth to menopause or participation in the HUNT2 Survey was longer (42.5 years versus 40.6 years, P , 0.001).
The mean age at menopause in the study sample as a whole was 50.6 years (95% CI: 50.5 -50.7) ( Table III) . Women who had undergone unilateral oophorectomy were younger at menopause (mean 49.6 years; 95% CI: 49.2 -50.0) than those without unilateral oophorectomy (mean 50.7 years; 95% CI: 50.6 -50.8) (Table III, Fig. 1a ). Among the women who had undergone unilateral oophorectomy, 24.6% were former or current users of hormone replacement therapy, compared with 13.5% of women without unilateral oophorectomy. In analyses restricted to never users of hormone replacement therapy (n ¼ 20 289), the mean age at menopause was 49.8 years (95% CI: 49.4 -50.3) in women who had undergone unilateral oophorectomy and 50.6 years (95% CI: 50.4-50.7) in women with ovaries intact (Fig. 1b) .
The probability of still having menstrual cycles was higher at any age for women with two ovaries intact when compared with women who had undergone unilateral oophorectomy (log rank test, P , 0.001) (Fig. 1a) . The crude relative risk of menopause in women who had undergone unilateral oophorectomy was 1.28 (95% CI: 1.15-1.42) (Table IV) using women with two ovaries as the reference. Women who had undergone unilateral oophorectomy had more often given birth and were more often smokers. BMI and age at menarche did not differ according to oophorectomy status. The increased relative risk of menopause associated with unilateral oophorectomy remained after adjustment for these study factors in addition to birth cohort and age at menarche (adjusted relative risk 1.27; 95% CI: 1.14 -1.41). The association of unilateral oophorectomy with age at menopause displayed similar patterns in women born ≤1935 (adjusted relative risk 1.20; 95% CI: 1.01 -1.44) and in women born .1935 (adjusted relative risk 1.30; 95% CI: 1.14 -1.48).
The results also suggest that age at menopause has increased by birth cohort (Table IV) . Thus, the relative risk of menopause was higher in women born during the years 1925-1930 when compared with women born after 1945 (adjusted relative risk 1.72; 95% CI: 1.56 -1.89) (test for trend, P ¼ 0.001). Nulliparity and smoking were also associated with younger age at menopause. BMI ≥25 kg/m 2 was associated with higher age at menopause than in women with BMI , 25; however, the trend across categories of BMI was not statistically significant (test for trend, P ¼ 0.220).
Discussion
In this retrospective cohort study of 23 580 women, the women who had undergone unilateral oophorectomy entered menopause 1 year earlier than women with two ovaries intact. Adjustment for birth cohort, parity, smoking, BMI and age at menarche did not alter the association of unilateral oophorectomy with earlier menopause. The HUNT2 Survey aimed at including the total population in the county of North Trøndelag in Norway. The population in this county is assumed to be representative for Norway as a whole, and the participation rate among women was high (Krokstad et al., 2013) . Older women had a higher participation rate (87%) than younger women. Early menopause has been associated with increased morbidity and mortality; therefore, non-participation of women with early menopause may have occurred. If women with unilateral oophorectomy truly have earlier menopause, non-participation of women with early menopause to our study may have caused an underestimated association.
In our study, information about menstruation and unilateral oophorectomy was obtained by self-reports in a questionnaire. For some women the last menstrual period had occurred several years before participation in the HUNT2 Survey. Thus, they may have forgotten their exact age at menopause, and our estimates may have been biased by erroneous reporting, in particular if age at menopause was differentially recalled by oophorectomy status (Paganini-Hill et al., 1984; Hahn et al., 1997) . However, the association of unilateral oophorectomy with age at menopause was similar in women younger than 60 years and in women younger than 65 years as in the study sample as a whole (data not shown). These findings suggest that possible changes in surgical decisions over time or misclassification of age at menopause in the oldest women have not biased our estimates. Also, the self-reporting of unilateral oophorectomy may have caused misclassification and the validity of self-reported unilateral oophorectomy may be lower than for bilateral oophorectomy (Phipps and Buist, 2009 ). In our sample 74.5% of women with bilateral oophorectomy also had hysterectomy performed. In comparison, hysterectomy was only performed in 14.7% of women with unilateral oophorectomy. Thus, most women who report ovarian surgery, but no hysterectomy, are likely to have undergone unilateral oophorectomy. The age at reported hysterectomy and bilateral oophorectomy was known, and women with such surgery performed contribute with follow-up time until that age. Unfortunately, we lacked information about age at unilateral oophorectomy. It is possible that the effect of a unilateral oophorectomy on age at menopause differs according to the age at surgery.
Unilateral oophorectomy was based on the question "Have you had part of, or only one ovary removed?" Some women with only a part of one ovary removed may thus erroneously have been classified as having undergone unilateral oophorectomy. Such possible misclassification may have led to an underestimation of the association of unilateral oophorectomy with age at menopause. On the other hand, women with reduced ovarian function and thus at increased risk of early menopause may also be at increased risk of unilateral oophorectomy. If this is true, our finding could be explained by an underlying reduced ovarian function in women prone to oophorectomy, and not by the oophorectomy in itself.
The reasons for unilateral oophorectomy may have changed over time (Novetsky et al., 2011) , also age at menopause may have changed over time (Dratva et al., 2009) . Birth cohort was therefore included in our analyses as a proximate measure for any changes over time that could have biased our results. Although we adjusted for several factors, bias caused by confounding may still remain.
We are aware of two previous studies on the association of unilateral oophorectomy with age at menopause (Cramer et al., 1995; Yasui et al., 2012) . One of these studies suggested a 4-fold increased risk for early menopause in women who had undergone unilateral oophorectomy (Cramer et al., 1995) . However, a Japanese study suggested a weaker association of unilateral oophorectomy with age at menopause (Yasui et al., 2012) . Their estimated association of unilateral oophorectomy with age at menopause is very similar to our results. Also, in the Japanese study they made adjustment for birth cohort, parity and smoking.
Changes in risk of menopause after ovarian surgery have been suggested in other studies. In a study of 257 women who had undergone hysterectomy, women with a concomitant unilateral oophorectomy had perimenopausal changes in FSH concentrations 0.7 years earlier than women with two ovaries intact (Farquhar et al., 2005) . Furthermore, in a long-term follow-up of 320 women who had undergone ovarian surgery for endometriosis, the mean age at menopause was 42.1 years in women who had undergone surgery of endometriomas bilaterally and it was 45.1 years in patients with peritoneal endometriosis only and no ovarian surgery (Coccia et al., 2011) . However, the mean age at menopause did not differ between women who had undergone removal of endometriomas unilaterally and endometriosis patients without ovarian surgery.
Interestingly, we observed an increasing age at menopause by birth cohort, and this finding is consistent with some previous reports (Rodstrom et al., 2003; Dratva et al., 2009) . One study of 1017 Swedish women observed an upward trend of 0.1 year in age at menopause per birth year (Rodstrom et al., 2003) . Furthermore, a study of 5288 women from 9 different European countries found a secular trend toward higher age at menopause in recent years (Dratva et al., 2009) . However, in this study there was substantial variation in age at menopause across countries, and the selection of women to the study may have varied across countries and birth cohorts.
In our study, we also found that high BMI was associated with high age at menopause. Previous studies are inconsistent regarding the association of BMI with age at menopause (Gold, 2011; Harlow and Signorello, 2000) . Most previous studies, however, have included few women. These studies may therefore have had insufficient statistical power to detect true effects of BMI on age at menopause. Unilateral oophorectomy and age at menopause
We found that age at menopause was 1 year earlier in women who had undergone unilateral oophorectomy when compared with women with two ovaries intact. This difference is relatively small and may be surprising since roughly half of a woman's follicles are lost by removal of one ovary. On the other hand, the estimated association of a unilateral oophorectomy on the age at menopause is similar to the association of smoking, and smoking is considered to significantly reduce the age at menopause. By our current understanding of follicle atresia and attrition, reproductive ageing and thereby age at menopause should be expected 5-10 years earlier in women with unilateral oophorectomy than in women with two ovaries (Faddy and Gosden, 1996) . Women are born with a surplus of follicles, and 500 000 -1 000 000 primordial follicles have been depleted by the time of menopause (Baker and Sum, 1976) . Only 1% of these oocytes are ever ovulated, and the vast majority of oocytes are lost in follicle atresia (Gougeon, 1996) . Our findings suggest that the rate of follicle atresia or the number of primordial follicles recruited to growth may be reduced after unilateral oophorectomy. Such a saving effect of the remaining primordial follicles may be induced by para-and autocrine factors.
Also, the rather weak association of unilateral oophorectomy with age at menopause could be explained by compensatory growth of the remaining ovary. Such compensatory growth has been observed in other species (Lipschütz, 1925; Biggers et al., 1962; Dailey et al. 1969; Roth and Jones, 1992) . It has been suggested that new primordial follicles may be generated from germline stem cells (Johnson et al., 2004) , and oocytes have developed from primitive germline cells harvested from women of reproductive age (White et al., 2012) .
In this population study of 23 580 Norwegian women, we report 1 year earlier menopause in women who had undergone unilateral oophorectomy when compared with women with two ovaries intact. This difference is relatively small in relation to the fact that a woman loses half of her follicular reserve through unilateral oophorectomy. Our finding could therefore suggest that compensatory mechanisms to maintain fertility exist in women who have undergone unilateral oophorectomy.
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